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ABSTRACT

Darrieus type Vertical Axis Wind Turbine (VAWT) 1s attracting many researches for its
inherent advantages and its diversified applications. However, a disadvantage is when the rotor
is stationary; no net rotational foree arises, even at high wind speed. The objective of this study 1s
to show the effect of camper airfoil on self starting of VAWT at low Reynolds. A moving mesh
technique was used to investigate two-dimensional unsteady flow arcund a vertical axis wind
turbine. The geometry of the turbine blade was NACA2415 camber airfoil. The turbine model was
created in Gambit modeling software and then read into fluent software for fluid flow analysis.
Simulations of the model were then conducted for different tip speed ratios. The simulation result
shows that camber airfoils have the potential to self start for the modeled airfail with reduced
coefficient of power.
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INTRODUCTION

At present, there are two categories of modern wind turbines, namely Horizontal Axis Wind
Turbines (HAWTSs) and Vertical Axis Wind Turbines (VAWTS), which are used mainly for electricity
generation (Izli ef al., 2007). Though VAWTs have inherent advantages, HAWTs are dominant
commercially, The principal advantages of the vertical axis format are their ability to accept wind
from any direction without yawing and the ability to provide direct rotary drive to a fixed load. The
absence of yaw requirement simplifies the design of the turbine. Blades of VAWT may be of
uniform section and untwisted, making them relatively easy to fabricate or extrude, unlike the
blades of HAWT, which should be twisted and tapered for optimum performance. Furthermore,
almost all of the components requiring maintenance are located at the ground level facilitating the
maintenance work appreciably. However, its high torque fluctuations with each revolution, no
self-starting capability are the drawhacks (Islam ef al., 2008; The Worlds of David Darling, 2009).

VAWTSs received little attention and largely forgotten until the oil crises of the early 1970s. The
o1l erises stimulated a revival of interest in a range of renewable energy conversion devices
including drag and lift type (Savonius and Darrieus) of VAWT. Then interest in VAWT has
declined since the late 1980s as the propeller shaped HAWT has become established as the standard
form of wind turbine (Shikha Bhatti and Kothari, 2009). Recently darrieus type VAWT is attracting
many researchers for its inherent advantages and diversified applications. A comparative study
made by Sandra et al. (2008) shows that VAWTs are advantageous to HAWTs in several aspects.
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Fig. 1. Top view of forces on a darrieus blade throughout 380° of rotation (winturbine-anlysis.com).
Double arrow represents-air velocity relative to the ground; Red arrow-velocity of the
ground relative to the airfoil; Black arrow-resultant air velocity relative to the airfoil

Other many research works showed that VAWT has the potential to compete with the more widely
used conventional HAWTs if the inability of the turbine to self start is resolved.

Early attempts at improving the self starting of VAWT was concentrated on optimizing
configurations of static geometric parameters which includes turbine solidity, blade camber and
thickness, blade offset pitch angle and blade lean forward (or yaw) angle (Lazauskas, 1992). Other
approaches that were proposed to improve self starting includes the use of cambered blade sections
{Dereng, 1981}, use of inclined blades (Barker, 1983), use of flexible sails (Hurley, 1979), savonius
darrieus hybrid (Wakui ef al., 2005), variable pitch (Drees, 1979; Liljegren, 1984). Though, the
approaches were tend to contribute in the increases of starting torque, reductions in peak
efficiencies and working on the operating range were some of the major problems.

The forces driving darrieus turbines can be described in more detail with the help of Fig. 1.
There are two important velocity components. There 1s the velocity of the airfoil relative to the
shaft, which is at all times parallel to the chord, having a magnitude equal to the rotational speed
multiplied by the radius. There is also the velocity of the wind, which is approximated as a constant,
velocity in one direction. The resultant of these two velocities is the velocity of the air relative to the
airfoil. The angle between this resultant velocity and the chord of the airfoil is called the angle of
attack (a).

Lift 1s created by a pressure differential, which occurs whenever there 1s an angle of attack, «,
not equal to zero. In the 0° azimuth position and the 180° pesition, ¢ = 0°, At this point, only a drag
force exists. Lift begins to be created as the blades rotate out of these two positions and ¢ increase.
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This lift force is perpendicular to the resultant wind direction but, more importantly, it always
induces counterclockwise rotation of the turbine. This lift forece is the force that is used to power the
wind turbine.

The computational research on the cambered airfoil is difficult to find in the literature.
Therefore, the ultimate goal of this study is the development of analysis method of the VAWT with
cambered airfoil. The present study 1s the first report of the study to show self staring capability of
cambered airfoil using CFD computational analysis. First, the flow NACA2415 was simulated and
analyzed for different angles of attack. The results were then validated against the experimental
data to verify the performance of the code. Then the computational analysis of two-dimensional
(2D) unsteady flow around the turbine was performed. The commercial CFD software, Fluent
6.3.26 version was used for the analysis. Different Tip-Speed Rations (TSE) of the turbine were
studied to indicate the self starting torque of the turbine and its performance.

Computational Fluid Dynamics (CFD) codes sclving the Reynolds-Averaged Navier-Strokes
(RANS) equations are applied in many different ways. In this study, the computations of the flow
around a rotational VAWT, based on the solution of the RANS equations, are performed with a
moving mesh technique for the simulation of the wind turbine movement. The Darrieus type VAWT
having a lift-based torque with three cambered fixed pitch blades was used. The blades are based
on a NACA 2415 cambered airfoil section, with chord length C =1 m and the rotor radius is
R =4 m without shaft at the center as it has significant. effect on the performance of the turbine.

MATERIALS AND METHODS

Two-dimensional unsteady analysis of a vertical axis wind turbine model of NACAZ2415
camber airfoil was analyzed using a Computational Fluid Dynamic, CFD tool solving the
reynolds-averaged navier-stroke equations based on moving mesh technique. Simulations were
conducted on July 10 and 11, 2010, using high processing capacity of 8 GBE computer. The
laboratory is leocated in the Zoo Campus of Harbin Institute of Technology, Department of
Manufacturing and Automation. The overall procedures followed in the analysis are described as
follows:

Computational domain: Cambered airfoil type NACA2415 (Fig. 2) was selected as blade section.
The airfoil was set to 1 m chord length and the turbine radius was set to 4 m to minimize the
interference between the blades. For creating 2D model and mesh of the model, Gambit 2.3.16
version modeling software was used.

The domain size was set as shown in Fig. 3 with a rotating sub-domain surrounding the blades
and stationary sub domains in the remaining region. Mesh for the rotating sub-domain and central
sub-domains were generated with triangular blocks where as the rest sub-domains were generated
with O-H structured grid. The rotating sub-domain was set to a diameter of 10 m. The inlet width
and out let width were set to 3D. The inlet was located 3D upstream and cutlet 6D downstream.

Computational method: The model and mesh generated in gambit modeling soft ware were read
into the commercial CFD code, fluent V.6.2.30 for numerical iterative solution. The RANS equations
were solved using the green-gauss node based gradient option and the sliding mesh method was
used to rotate the sub-domain for the turbine blades. For pressure-velocity coupling, the simple
algorithm was used. Standard was set as pressure discretization and first order upwind was set for
momentum. Time integration was done implicitly and the minimum convergence criteria were set
to 1e-06. The RNG k-epsilon model was adapted for the turbulence closure.
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Fig. 2: NACA2415 blade section

Li—b-

Fig. 3: Computational domain

Interface

Inlet \ Symmetry Outlet

Fig. 4: Boundary conditions

The boundary conditions are shown in Fig. 4. The inlet was defined as a velocity inlet, which
has constant inflow velocity while the outlet was set as a pressure out let, keeping the pressure
constant. The velocity at the out let was determined by the extrapolation from inside. The no slip
shear condition was applied on the turbine blades, which sets the relative velocity of blades to zerc.
There were four domains in the computational domain with 72,908 cells of the meshes with 180
cells around each blade. The cells were concentrated near the blades for better result. The Reynelds
number based on rotor diameter was 2.2 million and the blade chord reynolds number was 270,000,

For the moving mesh simulations, the computational sub-domain is split into a moving part
around the turbine and a fixed part for the fixed environment. The rotational motion 1s simulated
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Fig. 6. Rotating sub-domain

Fig. 7: Mesh near the airfoil

by allowing the mesh block around the wind turbine to rotate at constant angular velocity. The
mesh movement is defined explicitly by specifying time-varying positions for all of the moving mesh
block cell vertices. An interface boundary surrounding the moving mesh part within the model
shides at the specified velocity. This represents the relative motion between the rotating wind
turbine and the fixed environment.

Figure 5 shows the overall view of the 3-bladed turbine model mesh and Fig. 6 shows the
zoom-in view around the rotating sub-domains. As can be seen from Fig. 5 and 6, the cells were
concentrated near the blades for better result. Figure 7 shows the cells around the blades.
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The flow condition used for the analysis is shown in Table 1. Time step size was set
corresponding to 2 degree for each rotational speed of the rotor () given in Table 1 corresponding
to each TSR. Kighty iterations were used per time step.

The operating speed of the turbine, expressed as Tip Speed Ration (TSR) was set between 0.5
and 4.

TSR is defined as:
TSR =Rw/V, (1)

where, R is the turbine radius, w is angular velocity and V_ is the free stream velocity.

RESULTS

Figure 8 shows simulated average torque values at lower TSR which was the main focus area
of the study. It shows the average torque in N-m for complete revolution of the modeled turbine for
TSEs 0.5 and 1.5, The torque values were obtained from coefficient moment (Cm) of the modeled
turbine, air density, area of turbine, free stream velocity chosen and the radius of the turbine
modeled.

Figure 9 shows simulated average torque values at higher TSR. This shows the average torque
in N-m for complete revolution of the modeled turbine for TGRs 2.5, 3, 3.6 and 4. The torque values
were obtained using the same principle as mentioned above. This graph is used to determine the
efficiency of the modeled turbine.

Figure 10 shows the coefficient of power (Cp) for the simulated model, which determines the
performance of the turbines. It shows Cp at the given value of TSR selected for the simulation. The
maximum efficiency of the modeled airfoil was appeared around TSE of 2.5. The coefficients of

power were obtained from the ration of the modeled turbine power to the available wind power in
the air.

Table 1: Flow condition

TSR Velocity (m sec™) Turbine angular velocity (rad sec™) Time step size (sec)
0.5 4 0.5 0.070366
1.5 4 1.5 0.023455
25 4 2.5 0.014073
3 4 3.0 0.011728
3.5 4 3.5 0.100520
4 4 4.0 0.008796
907 TSR0.5
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Fig. 8 Torque for TSR 0.5 and 1.5
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Fig. 9: Torque for higher TGR

——Cp

0.20
0.15
0.10

0.054

Power coefficient (Cp)

0.00

-0.05-
TSR
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Fig. 11: Coefficient of moment vs. TSR

Figure 11 shows the coefficient of moment (Cm) of the simulated model, which determines the
average torque of wind turbines. It shows the value of the coefficient of moment of airfoils for the
given TSE. The Cm values were obtained from the average moment of the three airfoils modeled

through CFD computational analysis.
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DISCUSSION

To verify the reliability of the computational method, hydrodynamic forces acting on the
NACA2415 airfoil from different angles of attack were computed. The cord length was set to 1m and
the corresponding cord-based Reynolds number Re, was 85,000. The converged solution was
obtained after 4,000 iterations. Figure 12 shows the comparison of the computational solutions and
experimental data (Kirke, 1998). The computed lift forces are in good agreement with the data for

angles of attack between -10 and 10° which is considered to be the normal operating range of
turbine blades.

Torque: The blade aerodynamic forces and torque are computed from the solution of RANS
equations through the integration of the pressure and shear stress over the blade surface. The total
wind turbine force components and torque are obtained by adding the 3 blade force components
and torque. The driving torque is obtained by calculating the average of the instantaneous values
corresponding to the last revolution of the rotor. These values were used to derive the expected
wind turbine power coefficient (Cp). The turbine was allowed to turn until stable torque was
created and the minimum no of turns used for this model was 6.
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Fig. 12: Lift coefficient of NACA2415

Blade 1

Blade 2 Blade 3

Fig. 13: Blade position at time = 0.00e+00, A® = 0°
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where, p 1s expected out put power of turbine, © 1s angular velocity of turbine, T averaged torque

Cp 1s then calculated as:
Cp = P/O.5*p*A*V? (3)

where, p is the air density, V, free stream velocity, A frontal area of the turbine.

Traditionally airfoils that are used for VAWTs are symmetrical airfoils NACAQ012, NACAOO15
and NACAQQ18. The main drawbacks with these types of section are their minimum or negative
torque generation for the lower TSR, As can be seen from the result, all the torque values are
positive for lower TSR for the modeled NACAZ415 which implies camber airfoils have great
potential in self staring of VAWTSs. However, the coefficient power (Cp) result shows a reduced
efficiency as compared to the conventional symmetrical airfoils of NCACA 0012, NACAO015 and
NACAQO18 which are not self starting. This is in agreement with Lazauskas (1992), Barker (1983),
Kirke and Lazauskas (1991), Healy (1978) and Kotb (1990) that a judicious choice of camber airfail

4.73e+01

-1.07e+02
-1.41e+02

-4.10e+02
-4.44e+02
-4.77e+02

Fig. 15: Pressure contours for TSR =3 at time = 1.005552e+00, AD = 180°

310



. Knviron. Set. Technol., 4 (3) 302-512, 2011

can increase starting torque but reductions in peak efficiency and narrower operating ranges are
the drawbacks.

The pressure contours at four different. positions change of azimuth angle (A®) for one complete
turn of the turbine are shown with the help of figures. The snap shot pressure contour distributions
were taken for TSR 3 and the turbine was modeled to turn anticlockwise.

Figure 13 shows blade position at stationary stage of the turbine. At this point time is zerc and
change of azimuth angle (A® = 0). Figure 14 shows a snap shot of pressure distribution after the
turbine has rotated 90°. The time at this position is 0.52776 s and the change of azimuth angle is
90°. Figure 15 shows a snap shot of pressure distribution after the turbine has rotated 180°. At this
position the time is 1.05552 s and the change of azimuth angle is 180°. Figure 16 shows a snap shot
of pressure distribution at time 1.58328 s and change of azimuth angle of 270° Figure 17 shows
a snap shot of pressure distribution after the turbine has turned one complete revolution. The time
at this position 1s 2.11104 s and the change of azimuth angle 15 360°,

1.25e+02%

-5.74e+01
-8.02e+(

Fig. 16: Pressure contours for TSKE =3 at time = 1.58328e+00, A® = 270°

7.04e+01
3.79¢+00

-4.82e+02 "

Fig. 17: Pressure contours for TSR =3 at time = 2.11104e+00, AD = 360°
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CONCLUSIONS

Firstly the hydrodynamie forces acting on NACA2415 cambered airfeil section were computed
from different angles of attack to validate the computational method to experimental data. Then
2D unsteady flow analysis using the selected airfoil section with fixed pitch three blades based on
RANS equation have been analyzed with a moving mesh technique. The simulated average torque
result shows that camber airfoils have the potential to self start if used for vertical wind axis wind
turbines. However, the power coefficient of the simulated model shows a reduction in peak
efficiencies compared to the conventional non-self starting airfoils.
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